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Recent ARPES measurement on electron-doped cuprate Pr1.3−xLa0.7CexCuO4 finds that the
pseudogap along the boundary of the antiferromagnetic Brillouin zone(AFBZ) exhibits dramatic
momentum dependence. In particular, the pseudogap vanishes in a finite region around the anti-
nodal point, in which a single broadened peak emerges at the un-renormalized quasiparticle energy.
Such an observation is argued to be inconsistent with the antiferromagnetic(AFM) band-folding
picture, which predicts a constant pseudogap along the AFBZ boundary. On the other hand, it is
claimed that the experimental results are consistent with the prediction of the cluster dynamical
mean field theory(CDMFT) simulation on the Hubbard model, in which the pseudogap is interpreted
as a s-wave splitting between the Hubbard bands and the in-gap states. Here we show that the
observed momentum dependence of the pseudogap is indeed consistent with AFM band-folding
picture, provided that we assume the existence of a strongly momentum dependent quasiparticle
scattering rate. More specifically, we show that the quasiparticle scattering rate acts to reduce the
spectral gap induced by AFM band-folding effect. The new quasiparticle poles corresponding to
the AF-split bands can even be totally eliminated when the scattering rate exceeds the bare band
folding gap, leaving the system with a single pole at the un-renormalized quasiparticle energy. We
predict that the pseudogap should close in a square root fashion as we move toward (pi, 0) along the
AFBZ boundary. Our results illustrates again that the quasiparticle scattering rate can play a much
more profound role than simply broadening the quasiparticle peak in the quasiparticle dynamics of
strongly correlated electron systems.
PACS numbers:
The origin of the pseudogap phenomena remains a ma-
jor unresolved issue in the study of the high tempera-
ture superconductors1–3. This phenomena has been in-
terpreted either as a superconducting fluctuation effect,
or, by many other researchers, as a precursor effect of
some kind of competing order. While it is no doubt that
the superconducting fluctuation effect does exist in high-
Tc cuprates, it is by now quite clear that the supercon-
ducting fluctuation effect alone cannot be responsible for
the whole story of the pseudogap phenomena. It is also
generally believed that the strong correlation effect must
be playing an essential role in the formation of the pseu-
dogap phenomena.
Among the various kind of competing order pictures
proposed for the pseudogap phenomena, the antifer-
romagnetic spin fluctuation scattering picture is the
most extensively studied. All cuprate superconduc-
tors are derived from doping antiferromagnetic insu-
lating parent compounds. Extensive evidences have
been accumulated through the years for the existence of
strong antiferromagnetic spin fluctuation in the high-Tc
superconductors2. In particular, recent RIXS measure-
ment shows that the spin-wave-like excitation at high
energy is robust against doping even in the over-doped
systems5–10, with its dispersion and integrated intensity
only slightly modified by doping. A theory of the pseudo-
gap phenomena based on the scattering of the quasipar-
ticle from the strong antiferromagnetic spin fluctuation
has been studied more than two decades and is generally
called the spin-Fermion model4. This model can either
be taken as a phenomenological model describing the in-
teraction of the low energy quasiparticle with the long
wave length antiferromagnetic spin fluctuation, or as a
low energy effective theory of some underlying strongly
correlated electron model in the renormalization group
sense. The existence of robust local-moment-like degree
of freedom at low energy can be interpreted as the main
consequence of the strong correlation effect of the elec-
tron at higher energy.
In the spin-Fermion model picture, the pseudogap phe-
nomena is understood as a band folding effect induced
by the quasiparticle scattering from the antiferromag-
netic spin fluctuation. It should thus be the strongest
along the boundary of the antiferromagnetic Brillouin
zone(AFBZ), on which quasiparticles with momentum
differ by Q = (pi, pi) have degenerate energies. The pseu-
dogap induced by the AF scattering should thus be a
constant on the AFBZ boundary. Such a simplification
has been employed in a recent ARPES measurement on
the electron-doped cuprate Pr1.3−xLa0.7CexCuO412, in
which it is found that a momentum independent spectral
gap can be clearly seen along most part of the AFBZ
boundary. However, to one’s surprise, the spectral gap is
found to close abruptly in the anti-nodal region, in which
the electron spectral function evolves into a single broad-
ened peak13–15. Such a counter-intuitive observation has
been argued to be a strong evidence against the AFM
band-folding picture by the authors of Ref.[12], who al-
ternatively relate the observed spectral gap to a s-wave
splitting found in a cluster dynamical mean field the-
ory(CDMFT) simulation of the Hubbard model. How-
ever, as will be detailed later in this paper, such an in-
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2terpretation fails to account for some key features of the
observed spectrum.
In this work, we present an alternative and much
simpler interpretation for the closing of the pseudogap
in the anti-nodal region in the above electron-doped
cuprate. In our picture, the observed pseudogap in
Pr1.3−xLa0.7CexCuO4 is still caused by the AFM band-
folding effect. The dramatic momentum dependence of
the observed pseudogap around (pi, 0) is interpreted as a
result of the competition between the AF band-folding ef-
fect and the quasiparticle incoherence effect. More specif-
ically, we show that a finite quasiparticle scattering rate
Γk not only broadens the quasiparticle peak, but also
acts to reduce the size of the spectral gap induced by
the AFM band-folding effect according to
√
∆2AF − Γ2k.
When the scattering rate exceeds the bare band-folding
gap ∆AF , the spectral gap will be totally eliminated and
a single broadened peak will emerge in the electron spec-
tral function at the un-renormalized quasiparticle energy.
Thus, the strange momentum dependence of the observed
pseudogap is explained if we assume the existence of a
large quasiparticle scattering rate in the anti-nodal re-
gion, which is indeed the case in all cuprates.
Before proceeding further, it is instructive to note the
difference in the AF spin fluctuation in the electron- and
the hole-doped cuprate superconductors. Strong particle-
hole asymmetry in the phase diagram has long been no-
ticed in the study of the high-Tc superconductivity
11.
In particular, it is found that the AF long range or-
dered region is much more extended in the electron-doped
cuprates than in the hole-doped cuprates. Such an asym-
metry can be naturally understood from the point of
view of Fermi surface topology. More specifically, the
Fermi surface in the electron-doped cuprates is more fa-
vorable(better nested) for AF ordering than that of the
hole-doped cuprates. As a result, the AF spin correlation
exists mainly in the form of long range and static order in
the electron-doped cuprates but more like a short-ranged
and dynamical fluctuation in the hole-doped cuprates.
Such a difference should result in different pseudogap be-
havior in both types of high-Tc cuprates.
To compare with previous study more closely, we adopt
exactly the same quasiparticle model as was used in
Ref.[12], which is given by
HMF =
∑
k,σ
ξkc
†
k,σck,σ + ∆AF
∑
k,σ
σc†k+Q,σck,σ.
Here ξk = −2t(cos kx + cos ky) − 4t′ cos kx cos ky −
2t′′(cos 2kx + cos 2ky) + µ describes the bare quasipar-
ticle band structure. According to Ref.[12], a best fit
to the spectra of Pr1.3−xLa0.7CexCuO4 is achieved for
t = 0.25eV , t′/t = −0.15, t′′/t′ = −0.5 and µ/t = −0.02.
∆AF denotes the magnitude of the AF long range order
in the system and Q = (pi, pi) is the AF wave vector. As
was found in Ref.[12], a best fit of the AF splitting in the
electron spectrum is achieved for ∆AF = 0.11 eV .
We note that in principle one can also assume the
system to have a finite spin correlation length of ξ,
rather than being AF long range ordered. However,
it is straightforward to show that a rather large ξ is
needed to account for the well defined AF band-folding
gap in the nodal direction. More specifically, we expect
that 2pivFξ  ∆AF , otherwise the AFM band-folding gap
would be strongly suppressed by the detuning effect of
the quasiparticle dispersion in the nodal direction. Here
vF denotes the Fermi velocity in the nodal direction,
which can be estimated as vF ≈ 4
√
2t = 1.44 eV (here we
use the Fermi velocity at k = (pi/2, pi/2) to approximate
the Fermi velocity along the nodal direction). Inserting
this estimation into 2pivFξ  ∆AF , one find that the spin
correlation length should be much larger than 20 lattice
constants to produced the observed spectral gap in the
nodal region. It is thus quite consistent to assume a true
AF long range order in the system.
According to the AFM band-folding picture, the quasi-
particle band along the AFBZ boundary should be split
into two branches with the dispersion ξk ± ∆AF . Such
a description fails to account for the dramatic momen-
tum dependence of the pseudogap in the anti-nodal re-
gion. To solve this problem, we assume the quasiparticle
to have a strongly momentum dependent scattering rate
that peaks in the anti-nodal region. As we will show be-
low, the quasiparticle scattering rate acts to reduce the
pseudogap induced by the AFM band-folding effect. For
convenience, we assume that the quasiparticle scattering
rate to take the form of
Γk = Γ0 + Γ1
∑
i
exp(−η(k−Qi)2).
Here Qi = (±pi, 0) or (0,±pi) are the four anti-nodal
points in the Brillouin zone, η is a parameter introduced
to define the size of the anti-nodal region, Γ0 is a constant
background. The scattering rate so defined reaches its
maximum at the four anti-nodal points along the AFBZ
boundary. When Γk > ∆AF , the splitting caused by the
AFM band-folding effect will be wiped out and we would
expect a single broadened peak to emerge in the electron
spectral function.
More precisely, the electron Green’s function in the
absence of the antiferromagnetic long range order is as-
sumed to be given by
G(0)(k, ω) =
1
ω + iΓk − ξk .
The self-energy corresponding to the AFM scattering is
given by
Σ(k, ω) = ∆2AFG
(0)(k + Q, ω).
Thus the Green’s function of the renormalized quasipar-
ticle is given by
G(k, ω) =
1
ω + iΓk − ξk − ∆
2
AF
ω+iΓk+Q−ξk+Q
.
3On the AFBZ boundary, we have G
(0)
k,ω =
G(0)(k + Q, ω), so that we have
G(k, ω) =
1
ω + iΓk − ξk − ∆
2
AF
ω+iΓk−ξk
.
The electronic spectral function is given by the imaginary
part of the Green’s function and takes the form of
A(k, ω) = −2ImG(k, ω)
=
2Γk[1 +R(k, ω)]
(ω − ξk)2[1−R(k, ω)]2 + Γ2k[1 +R(k, ω)]2
,
in which R(k, ω) =
∆2AF
(ω−ξk)2+Γ2k
.
From this expression, we see that the new poles in-
duced by the antiferromagnetic band-folding effect is de-
termined by the equation R(k, ω) = 1, whose solution is
given by ω± = ξk±
√
∆2AF − Γ2k. Thus a finite scattering
rate Γk not only broadens the quasiparticle peak in the
electron spectrum, but also acts to reduce the spectral
gap induced by AFM band-folding effect. In particular,
when Γk > ∆AF , these new poles will disappear, leaving
the system with an un-renormalized pole at ξk.
To be more quantitative, we plot in Figure 1 the elec-
tronic spectral function along the AFBZ boundary for
Γ1 = 0 and Γ1 = 2∆AF . Here we set Γ0 = 0.03 eV
and η = 2 in both cases. When Γ1 = 0, we find two
split spectral peaks along the whole AFBZ boundary.
When Γ1 = 2∆AF , the spectral gap is found to close
in a finite region around the anti-nodal point, but re-
mains almost momentum independent outside the anti-
nodal region, just as what is observed in ARPES experi-
ment. We believe this mechanism explains the strange
momentum dependence of the pseudogap observed in
Pr1.3−xLa0.7CexCuO4.
To see more clearly the dispersion of the renormalized
quasiparticles, we plot in Figure 2 the peak position of the
electron spectral function as a function of kx along the
AFBZ boundary. One finds that the splitting induced by
antiferromagnetic band-folding effect decreases continu-
ously as one approaches the anti-nodal point. When k is
sufficiently close to the anti-nodal point so that the scat-
tering rate Γk is greater than ∆AF , the two spectral peaks
merge into a single broaden peak at the un-renormalized
quasiparticle energy ξk, just as what is observed in the
ARPES experiment.
From the above results, we see that the dramatic mo-
mentum dependence of the pseudogap observed in the
electron doped cuprate Pr1.3−xLa0.7CexCuO4 can indeed
be understood in the antiferromagnetic band-folding pic-
ture, provided that we assume the existence of a strongly
momentum dependent quasiparticle scattering rate along
the AFBZ boundary. Our analysis shows that to de-
velop a well defined spectral gap in the AFM band-
folding picture, the quasiparticle scattering rate Γk and
the detuning caused by quasiparticle dispersion, namely,
2pivF
ξ , should be both smaller than the bare folding gap
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FIG. 1: (Color on-line) Intensity map of the electron spectral
function along the AFBZ boundary. (a)The spectral func-
tion for Γ1 = 0, (b)The spectral function for Γ1 = 2∆AF =
0.22eV . The red horizontal line indicate the position of the
Fermi level.
∆AF . In particular, the observation of the clear spectral
gap in the nodal direction in the electron doped cuprate
Pr1.3−xLa0.7CexCuO4 indicates that the spin correlation
in this system should be rather long-ranged, if not truely
long range ordered.
The existence of the strongly momentum dependent
quasiparticle scattering rate is a phenomenological as-
sumption in our study. However, such an assumption is
not only an observed fact for the cuprate superconduc-
tors, but is also very natural from the point of view of mi-
croscopic models. More specifically, since the band effec-
tive mass diverges at the anti-nodal points, it is natural
to expect the electron correlation effect to be stronger in
the anti-nodal region. We think such a strongly momen-
tum dependent scattering rate comes most likely from
the scattering by short-ranged and dynamical spin fluc-
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FIG. 2: (Color on-line) Peak positions(shown as open circles)
in the electron spectral function as a function of kx along the
AFBZ boundary. The blue line denotes the bare dispersion
ξk, the green and pink lines are the quasiparticle dispersion
in the presence of the antiferromagnetic order. Here we set
Γ1 = 2∆AF = 0.22eV , Γ0 = 0.03eV .
tuation, which exists universally in the high-Tc cuprate
superconductors.
Here we note that the detuning effect induced by the
quasiparticle dispersion and the diffusion in the energy
of the dynamical spin fluctuation is playing a similar role
as a finite quasiparticle scattering rate in reducing the
AFM band-folding gap. Such detuning effect is much
more significant in the hole-doped cuprates, in which the
spin fluctuation is more short-ranged and more dynam-
ical in nature than that in the electron-doped cuprates.
We think this difference is responsible for the absence of
AFM band-folding gap in the nodal region in the hole-
doped cuprates. We also believe that the AFM band-
folding effect alone is not enough to account for the pseu-
dogap phenomena in the hole-doped cuprates16. This
implies that the pseudogap observed in the hole-doped
cuprates may have different origin from the AFM band-
folding gap in the electron-doped cuprates.
In Ref.[12], the authors claimed that a CDMFT sim-
ulation on the Hubbard model can produce a spectral
signature that is similar to the pseudogap observed in
Pr1.3−xLa0.7CexCuO4. In the CDMFT, the pseudogap
is attributed to the splitting between the lower/upper
Hubbard band and the in-gap state in the hole/electron-
doped cuprates, which exhibits a s-wave character on
the Fermi surface with moderate momentum dependence.
However, such an interpretation suffers from the follow-
ing problems. First, the CDMFT predicts that the spec-
tral intensity reaches its maximum in the anti-nodal re-
gion along the AFBZ boundary, while the observed spec-
tral intensity is the weakest there. Second, while the
CDMFT predicts a moderate momentum dependence
of the pseudogap along the AFBZ boundary, the ob-
served momentum dependence is much more dramatic.
More specifically, the observed pseudogap seems to van-
ish abruptly in the anti-nodal region and is almost mo-
mentum independent outside the anti-nodal region. Our
theory provides a consistent explanation for both of these
two characteristics. Our theory also predicts that the
pseudogap will close in a square root fashion in the anti-
nodal region. This should be checked in future experi-
mental studies.
The results presented in this work indicate that the
quasiparticle scattering rate can play a much more pro-
found role than simply broadening the quasiparticle peak
in the quasiparticle dynamics of strongly correlated elec-
tron systems. We note that in a series of recent works,
the same physics has been invoked to predict new state of
matters in Dirac Fermion systems, topological insulators
and Kondo systems17–21. In particular, it is found that
a strongly momentum dependent quasiparticle scaterring
rate may be responsible for the emergence of Fermi arc in
the bulk dispersion of the correlated electron systems. It
is interesting to see if such a mechanism has any relevance
to the Fermi arc phenomena in the high-Tc cuprates.
In conclusion, we proposed an alternative expla-
nation for the vanishing of the pseudogap around
the anti-nodal point in the electron-doped cuprate
Pr1.3−xLa0.7CexCuO4. According to our picture, the
pseudogap in such an electron-doped cuprates is still
induced by the AFM band-folding effect. We show
that the momentum dependence of the pseudogap is
actually a manifestation of the competition between
the AFM band-folding effect and the quasiparticle in-
coherence effect. In particular, the pseudogap in
Pr1.3−xLa0.7CexCuO4 is wiped out in the anti-nodal re-
gion because of the large quasiparticle scattering rate in
this region.
1 T. Timusk and B. Statt, Rep. Prog. Phys. 62, 61 (1999).
2 P. A. Lee, N. Nagaosa and X.G.Wen, Rev. Mod. Phys.,
78,17 (2006).
3 A. A. Kordyuk, Low Temperature Physics 41, 5 (2015).
4 A. Abanov, A. V. Chubukov, and J. Schmalian, Advances
in Physics 52, 119(2003).
5 M. Le Tacon, G. Ghiringhelli, J. Chaloupka, M. M. Sala,
V. Hinkov, M. W. Haverkort, M. Minola, M. Bakr, K.
J. Zhou, S. Blanco-Canosa, C. Monney, Y. T. Song, G. L.
Sun, C. T. Lin, G. M. De Luca, M. Salluzzo, G. Khaliullin,
T. Schmitt, L. Braicovich, and B. Keimer, Nat. Phys. 7,
725 (2011).
6 M. P. M. Dean, R. S. Springell, C. Monney, K. J. Zhou,
J. Pereiro, I. Bozˇovic´, B. Dalla Piazza, H. M. Rønnow, E.
Morenzoni, J. van den Brink, T. Schmitt, and J. P. Hill,
Nat. Mater. 11, 850 (2012).
7 M. P. M. Dean, A. J. A. James, R. S. Springell, X. Liu,
C. Monney, K. J. Zhou, R. M. Konik, J. S. Wen, Z. J. Xu,
5G. D. Gu, V. N. Strocov, T. Schmitt, and J. P. Hill, Phys.
Rev. Lett. 110, 147001 (2013).
8 M. Le Tacon, M. Minola, D. C. Peets, M. Moretti Sala,
S. Blanco-Canosa, V. Hinkov, R. Liang, D. A. Bonn, W.
N. Hardy, C. T. Lin, T. Schmitt, L. Braicovich, G. Ghir-
inghelli, and B. Keimer, Phys. Rev. B 88, 020501(R)
(2013).
9 M. P. M. Dean, G. Dellea, R. S. Springell, F. Yakhou- Har-
ris, K. Kummer, N. B. Brookes, X. Liu, Y.-J. Sun, J. Strle,
T. Schmitt, L. Braicovich, G. Ghiringhelli, I. Bozovic, and
J. P. Hill, Nat. Mater. 12, 1019-2023 (2013).
10 M. P. M. Dean, G. Dellea, M. Minola, S. B. Wilkins, R.
M. Konik, G. D. Gu, M. Le Tacon, N. B. Brookes, F.
Yakhou-Harris, K. Kummer, J. P. Hill, L. Braicovich, and
G. Ghiringhelli, Phys. Rev. B 88, 020403(R) (2013).
11 N.P. Armitag, P. Fournier and R.L. Greene, Rev. Mod.
Phys. 82, 2421 (2010).
12 M. Horio, S. Sakai, K. Koshiishi, Y. Nonaka, M.
Hashimoto, D. Lu, Z.-X. Shen, T. Ohgi, T. Konno,
T. Adachi, Y. Koike, M. Imada and A. Fujimori,
arXiv:1801.04247(2018).
13 H. Matsui, K. Terashima, T. Sato, T. Takahashi, S.-C.
Wang, H.-B. Yang, H. Ding, T. Uefuji, K. Yamada, Phys.
Rev. Lett. 94, 047005 (2005).
14 S. R. Park, Y. S. Roh, Y. K. Yoon, C. S. Leem, J. H. Kim,
B. J. Kim, H. Koh, H. Eisaki, N. P. Armitage, C. Kim,
Phys. Rev. B 75, 060501 (2007).
15 M. Ikeda, T. Yoshida, A. Fujimori, M. Kubota, K. Ono,
Hena Das, T. Saha-Dasgupta, K. Unozawa, Y. Kaga, T.
Sasagawa, H. Takagi, Phys. Rev. B 80, 014510 (2009).
16 T. Li and D.W. Yao, arXiv:1805.05530.
17 V. Kozii and L. Fu, arXiv:1708.05841.
18 H.Y. Zhou, C. Peng, Y. Yoon, C.W. Hsu, K.A. Nel-
son, L. Fu, J.D. Joannopoulos, M. Soljacic and B. Zhen,
arXiv:1709.03044.
19 M. Papaj, H. Isobe and L. Fu, arXiv:1802.00443.
20 H.T. Shen and L. Fu, Phys. Rev. Lett. 121, 026403 (2018).
21 We are in debt to Yang Qi for drawing our attention to
the related works [17–20] on the effect of sacttering rate in
the quasiparticle dynamics of strongly correlated electron
systems.
